INTRODUCTION
============

Aortic dissection (AD) is a life-threatening condition caused by a tear in the intimal layer of the aorta or bleeding within the aortic wall, resulting in the dissection of aortic wall. More than 70% AD patients would die within 1 week without intervention, while the mortality is still above 20% with medical treatment and surgical intervention ([@b14-molce-41-3-198]). Although the exact mechanism underlying AD onset is still uncertain, aortic smooth muscle cells (ASMC), as the main component of aortic media, are believed to be the major affected cells in the formation of AD ([@b14-molce-41-3-198]; [@b16-molce-41-3-198]).

Elastin is a polymeric extracellular protein that determines the extensibility and elastic recoil in many cells, and Elastin in ASMC is more than 50% dry weight of the cells ([@b16-molce-41-3-198]; [@b21-molce-41-3-198]). Elastin is initially generated as a soluble monomer called tropoelastin (TE) ([@b21-molce-41-3-198]). After TE is secreted, it polymerizes into elastic fibers along with other protein components to form an extracellular elastic matrix, the structure of which determines the mechanical stability and tissue physical properties ([@b24-molce-41-3-198]). The human TE gene comprises with 34 exons, resulting in a protein with an alternating arrangement of hydrophobic and cross-linking domains ([@b24-molce-41-3-198]). Although past studies have found that AD may be largely attributable to polymorphisms defect in TE ([@b7-molce-41-3-198]), other undermined factors, e.g. the TE protein levels and it translational control, may also play roles in AD onset ([@b23-molce-41-3-198]).

MicroRNAs (miRNAs) are 20\~22 nucleotides long non-coding RNAs and are the shortest functional eukaryotic RNAs ([@b25-molce-41-3-198]). Most of miRNAs attach to the 3′-UTR of genes by imprecisely binding, although there is also a report showing that the binding sites are at the 5′-UTR or extron region ([@b5-molce-41-3-198]). After binding, genes are silenced because of alternation of spatial structure. MiRNAs play an important role in various biological processes, such as regulation of cell differentiation, cell identity determination, apoptotic cell death, cell migration and cell cycles, et al ([@b2-molce-41-3-198]; [@b8-molce-41-3-198]; [@b12-molce-41-3-198]; [@b20-molce-41-3-198]). Among all miRNAs, miR-144 has been extensively studied. Some target genes for miR-144 have been reported, including E26 transformation specific-1 ([@b31-molce-41-3-198]), cyclooxygenase-2 ([@b26-molce-41-3-198]), adenosine triphosphate binding cassette transporter ([@b29-molce-41-3-198]), and cyclin-dependent kinase inhibitor 2D ([@b11-molce-41-3-198]). Nevertheless, it is not reported that miR-144 is a targeting miRNA for TE previously.

Here, we investigated the effects of post-transcriptional control of TE by miRNAs on elastin levels in ASMC. We found that miR-144-3p is a miRNA that targets TE mRNA in both human and mouse. Bioinformatics analyses and a dual luciferase reporter assay showed that miR-144-3p inhibited protein translation of TE, through binding to the 3′-UTR of the TE mRNA. Interestingly, higher miR-144-3p levels and lower TE were detected in the ASMC obtained from AD patients, compared to those from non-AD controls. In a mouse model for human AD, infusion of adeno-associated viruses carrying antisense for miR-144-3p (as-miR-144-3p) under CAG promoter significantly reduced the incidence and severity of AD, seemingly through enhancement of TE levels in ASMC.

MATERIALS AND METHODS
=====================

Protocol approval
-----------------

All mouse experiments were approved by and performed according to the guidelines of the Institutional Animal Care and Use Committee of Hainan General Hospital. Female FVB mice of 12 weeks of age (Jackson lab, USA) were kept in specific pathogen free (SPF) conditions, and were used in the current study. Mouse manipulations were performed in accordance with the Principles of Laboratory Care, and supervised by qualified veterinarians. Patient dissection specimens were collected from AD patients who had undergone repair surgery in Hainan General Hospital. None of the patients had aortic diseases that may affect interpretation of the results. Control aortas were obtained from discarded materials from heart transplantation. Informed consent was obtained for use of these specimens form the patients. Use of human tissue was approved by the Medical Ethical Committee of Hainan General Hospital, in accordance with the principles outlined in the Declaration of Helsinki.

Mouse and human ASMC
--------------------

Human ASMC (HASMC) was purchased from American Type Culture Collection (ATCC, USA; Catalog number: PCS100012), and cultured in vascular Cell Basal Medium (ATCC; Catalog number: PCS100030) plus Vascular Smooth Muscle Cell Growth Kit (ATCC; Catalog number: PCS100042) that contains recombinant human FGFb, insulin, ascorbic acid, L-glutamine, EGF and FBS. Mouse ASMC (MASMC) was isolated from the FVB mice as previously described ([@b22-molce-41-3-198]). The isolated cells received a negative selection for CD31 by flow cytometry, to remove the contaminated endothelial cells. The phenotype of MASMC was confirmed by expression of both alpha smooth muscle actin (α-SMA) and calponin.

Fluorescence-activated cell sorting (FACS)
------------------------------------------

Mouse aortic cells were labeled with APC-conjugated CD31 antibody (Becton-Dickinson Biosciences, USA) for negative selection of CD31-cells to get rid of contaminated endothelial cells from the MASMC population. Data were shown with Flowjo software (Flowjo LLC, USA).

RT-qPCR
-------

Total RNA was extracted using an RNeasy kit (Qiagen, Germany). After complementary DNA (cDNA) was generated by reverse transcription, quantitative PCR (RT-qPCR) was performed in duplicates with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen, and the catalog number for the miR-144-3p primer is MS00020328. Data were collected and analyzed using the 2-ΔΔCt method. Values of genes were first normalized against α-tubulin, and then compared to the experimental controls.

Luciferase-reporter activity assay
----------------------------------

The target miRNAs for TE in mice and humans was determined by TargetScan, using the context++ score system, as described ([@b1-molce-41-3-198]). The dual-luciferase reporter plasmids, p3′-UTR-TE (containing the wild-type TE 3′-UTR binding site in luciferase reporter plasmid and p3′-UTR-TE-mut (containing the mutant TE 3′-UTR; mut) as well as miR-144-3p, antisense of miR-144-3p (as-miR-144-3p) and a null control were constructed in RiboBio Co. Ltd. (China). For the luciferase assay, the constructed 3′-UTR plasmid and miR-144-3p/as-miR-144-3p were co-transfected into mouse ASMC (MASMC) using Lipofectamine™ 3000 Reagent (Invitrogen, Shanghai China). Then the luciferase activity was detected with the dual-luciferase reporter assay system (Promega, China) after co-transfection cells for 48 hours, following the manufacturer's protocol.

Adeno-associated viruses
------------------------

The Human Embryonic Kidney 293 cell line (HEK293, ATCC) was used for virus production. We used a pAAV-CAGp-GFP plasmid (Clontech, USA), a packaging plasmid R2C8 carrying the serotype 6 rep and cap genes (Applied Viromics, LLC., USA), and a helper plasmid plAd5 carrying the adenovirus helper functions (Applied Viromics, LLC.) for generating AAVs in this study. The AAVs were produced by co-transfecting HEK293 cells with the prepared pAAV-CAGp-as-miR-144-3p-2A-GFP or pAAV-CAGp-GFP plasmids, R2C8 and plAd5 by Lipofectamine 3000 (Invitrogen, USA). The viruses were purified using CsCl density centrifugation and then titration was determined by a quantitative densitometric dot-blot assay. These viruses were used to transduce MASMC in vitro using a MOI of 50. For in vivo application, 10^9^ viral particles were injected via tail vein of the mice at the beginning of the experiment (first BAPN injection).

Animal model
------------

Female FVB mice of 12 weeks of age were fed with a normal diet and administered freshly prepared β-aminopropionitrile monofumarate (BAPN, Sigma-Aldrich, USA) solution dissolved in the drinking water at a dose of 0.4g BAPN per 100g diet for 6 weeks, as previous described ([@b23-molce-41-3-198]). Blood pressure was measured using the tail-cuff method. All mice died before the expected end time of the experiment (6 weeks) were autopsied immediately. Mice surviving at the end of the experiment (6 weeks) were sacrificed and their blood and tissue samples were collected for analysis.

Plasma lipid
------------

Plasma levels of triglyceride (TG) and cholesterol (CHO) were measured using COD-PAP and GPO-PAP methods, with respective kits (Abcam, China).

Histology
---------

Histopathological evaluations were performed with samples from control and BAPN-treated mice. Aortas were dissected from the ascending aorta to the iliac artery and were fixed in 10% buffered formalin for 8 hours, as were human tissues. Paraffin-embedded tissues were cut at 5 μm thickness, stained with hematoxylin and eosin following standard procedures.

Western blotting
----------------

Proteins were isolated from cultured cells. Primary antibodies were rabbit anti-TE and anti-α-tubulin (Cell Signaling, USA). Secondary antibody is HRP-conjugated anti-rabbit (Dako, USA). Figure images were representative from 5 repeats. α-tubulin was used as a protein loading control.

Statistics
----------

GraphPad prism software (GraphPad Software, Inc., USA) was used for statistical analyses. Unpaired two-tailed Student *t*-test was applied for comparison between two groups. Bivariate correlations were calculated by Spearman's Rank Correlation Coefficients. Data were represented as mean ± SD and were considered significant if p \< 0.05.

RESULTS
=======

MiR-144-3p is a TE-targeting miRNA highly expressed in mouse and human ASMC
---------------------------------------------------------------------------

In order to study the post-transcriptional control of TE in ASMC and its relationship with development of AD, we first isolated mouse ASMC (MASMC) from the mouse aorta tissue after a negative selection for CD31 by flow cytometry to remove endothelial cells ([Fig. 1A](#f1-molce-41-3-198){ref-type="fig"}). The purified MASMC were stained positive for both alpha smooth muscle actin (α-SMA; [Fig. 1B](#f1-molce-41-3-198){ref-type="fig"}) and calponin ([Fig. 1C](#f1-molce-41-3-198){ref-type="fig"}), confirming the ASMC phenotype. Human ASMC (HASMC) was purchased from ATCC. Next, we used bioinformatics tools to determine the conserved TE-targeting miRNAs in both human and mice, which resulted in 4 candidates, miR-29, miR-101, miR-181-5p and miR-144-3p ([Supplementary Table S1](#s1-molce-41-3-198){ref-type="supplementary-material"}). We examined the expression levels of these 4 candidates in ASMC, and found that only miR-144-3p was highly expressed in both HASMC ([Fig. 1D](#f1-molce-41-3-198){ref-type="fig"}) and MASMC ([Fig. 1E](#f1-molce-41-3-198){ref-type="fig"}). Thus, we focused on miR-144-3p in the current study.

MiR-144-3p inhibits protein translation of TE via binding to the 3′-UTR of the TE mRNA
--------------------------------------------------------------------------------------

Indeed, bioinformatics revealed that the binding site of miR-144-3p on 3′-UTR of the human TE mRNA is from 856^th^ through 862^nd^ base pair ([Fig. 2A](#f2-molce-41-3-198){ref-type="fig"}), while the binding site of miR-144-3p on 3′-UTR of the mouse TE mRNA is from 833^rd^ through 839^th^ base pair ([Fig. 2B](#f2-molce-41-3-198){ref-type="fig"}). The binding structure on human and mouse is very similar. Thus, our study on this issue using mouse model may be quite translatable to human.

To determine whether the binding of miR-144-3p to TE mRNA indeed inhibits protein translation of TE mRNA, we transfected MASMC with either miR-144-3p or antisense for miR-144-3p (as-miR-144-3p) plasmids. The MASMC were also transfected with a null sequence as a control (null). Alteration of miR-144-3p levels in these miR-144-3p-modified MASMC was validated by RT-qPCR ([Fig. 2C](#f2-molce-41-3-198){ref-type="fig"}). Then, the intact 3′-UTR of wild-type TE mRNA (TE 3′-UTR) and the 3′-UTR of TE mRNA with a mutant at miR-144-3p-binding site (TE 3′-UTR mut) were respectively cloned into luciferase reporter plasmids. MASMC was then co-transfected with one plasmid from miR-144-3p/as-miR-144-3p/null plasmids and one plasmid from either TE 3′-UTR or TE 3′-UTR mut, and subsequently subjected to a dual luciferase reporter assay. We found that depletion of miR-144-3p increased the luciferase activity of TE 3′-UTR, while overexpression of miR-144-3p reduced luciferase activity of TE 3′-UTR but had no effect on TE 3′-UTR mut ([Fig. 2D](#f2-molce-41-3-198){ref-type="fig"}). Moreover, alteration of miR-144-3p levels did not alter TE mRNA in MASMC ([Fig. 2E](#f2-molce-41-3-198){ref-type="fig"}), while suppression of miR-144-3p increased TE protein and increases in miR-144-3p inhibited TE protein ([Fig. 2F](#f2-molce-41-3-198){ref-type="fig"}). These results suggested that miR-144-3p specifically targets 3′-UTR of TE mRNA to inhibit its translation in ASMC.

Higher miR-144-3p and lower TE are detected in the ASMC from AD patients
------------------------------------------------------------------------

In order to figure out the potential clinical relevance of this miR-144-3p/TE regulatory axis in ASMC for AD onset, we examined the miR-144-3p levels by RT-qPCR and TE levels by Western blotting in obtained ASMC from AD patients, compared to those from non-AD controls. We detected higher miR-144-3p levels ([Fig. 3A](#f3-molce-41-3-198){ref-type="fig"}) and lower TE levels ([Fig. 3B](#f3-molce-41-3-198){ref-type="fig"}) in the ASMC obtained from AD patients, compared to those from non-AD controls. Moreover, the levels of miR-144-3p and TE protein appeared to be inversely correlated ([Fig. 3C](#f3-molce-41-3-198){ref-type="fig"}; γ = −0.72, p \< 0.0001, N = 40). These data encouraged us to investigate the potential role for AD onset in a mouse model of the involvement of the miR-144-3p/TE regulatory axis in ASMC.

Preparation of AAV carrying as-miR-144-3p for in vivo study
-----------------------------------------------------------

In order to do a loss-of-function experiment in a mouse AD model, we prepared AAV carrying as-miR-144-3p under CAG promoter, and a control AAV ([Fig. 4A](#f4-molce-41-3-198){ref-type="fig"}). Co-transduction of GFP in the construct allows determination of infection efficiency of MASMC in culture ([Fig. 4B](#f4-molce-41-3-198){ref-type="fig"}). We found that the MASMC transduced with AAV-as-miR-144-3p significantly reduced the miR-144-3p levels, compared to in controls ([Fig. 4C](#f4-molce-41-3-198){ref-type="fig"}), suggesting good quality of this AAV.

Suppression of miR-144-3p reduces the incidence and severity of AD
------------------------------------------------------------------

Finally, we performed a mouse model for AD. Ten mice were used in each experimental groups. Three group of mice were included in the study. In group 1, mice did not receive either BAPN or AAVs (CTL). In group 2, mice received BAPN and control AAV-null (BAPN). In group 3, mice received BAPN and AAV-as-miR-144-3p (BAPN+as-miR-144-3p). While no mice developed AD and died in CTL group, 9 from 10 mice in BAPN group developed AD and died within 6 weeks, and only 5 from 10 mice in BAPN group developed AD and died within 6 weeks.

We found that BAPN treatment reduced diastolic blood pressure ([Fig. 5A](#f5-molce-41-3-198){ref-type="fig"}) with no effect on systolic blood pressure ([Fig. 5B](#f5-molce-41-3-198){ref-type="fig"}), indicating increased aortic stiffness. Interestingly, miR-144-3p suppression attenuated the BAPN-induced reduction in diastolic blood pressure ([Fig. 5A](#f5-molce-41-3-198){ref-type="fig"}) without altering systolic blood pressure ([Fig. 5B](#f5-molce-41-3-198){ref-type="fig"}). Moreover, BAPN treatment significantly decreased plasma cholesterol ([Fig. 5C](#f5-molce-41-3-198){ref-type="fig"}) and triglyceride levels ([Fig. 5D](#f5-molce-41-3-198){ref-type="fig"}), which were both attenuated by miR-144-3p suppression ([Figs. 5C and 5D](#f5-molce-41-3-198){ref-type="fig"}). Furthermore, hematoxylin and eosin staining showed that the tearing of the aortic wall and thrombi in the false lumens in BAPN mice were also less severe in BAPN+as-miR-144-3p mice ([Fig. 5E](#f5-molce-41-3-198){ref-type="fig"}). BAPN treatment significantly increased aortic diameter ([Fig. 5F](#f5-molce-41-3-198){ref-type="fig"}) and aortic wall thickness ([Fig. 5G](#f5-molce-41-3-198){ref-type="fig"}), which were both attenuated by miR-144-3p suppression ([Figs. 5F and 5G](#f5-molce-41-3-198){ref-type="fig"}). Together, these data suggest that suppression of miR-144-3p reduces the incidence and severity of AD.

Suppression of miR-144-3p reduces the expression of AD-associated genes
-----------------------------------------------------------------------

Since BAPN-induced AD exhibited typical histological features of the human disease, we next examined the expression of AD-related genes in aortas. We found that BAPN-induced upregulation of MMP2, BAPN-induced downregulation of Cathepsin L, BAPN-induced downregulation of α-SMA and BAPN-induced downregulation of β-myosin heavy chain (β-MHC) were all attenuated by miR-144-3p suppression. These data provide a molecular mechanism underlying the miR-144-3p suppression induced reduction in the incidence and severity of AD in this model.

DISCUSSION
==========

A lot of risk factors including hypertension, dyslipidaemia and genetic disorders may increase the chances of AD occurrence ([@b14-molce-41-3-198]). Progress in the understanding of the underlying pathophysiology of AD could lead to advances in the prognosis and prevention of AD in patients being considered at a substantial risk.

Previous studies have focused on the genetic predisposition to AD and the hereditary influence on AD onset ([@b14-molce-41-3-198]). However, as a focus of our AD study, TE-associated elastin durability appears to be critical for resisting AD ([@b14-molce-41-3-198]). Elastin is a major structural component of elastic fibers. Although the turnover of elastin appears to be extremely low, the continuous production and deposition seemed to be essential for ASMC to survive billions of cycles of stretch and recoil without mechanical failure ([@b6-molce-41-3-198]; [@b9-molce-41-3-198]; [@b17-molce-41-3-198]; [@b27-molce-41-3-198]). Major defects in the elastin/TE gene have been associated with supravalvular aortic stenosis, Williams-Beuren syndrome, autosomal dominant cutis laxa, as well as AD ([@b21-molce-41-3-198]). However, to the best of our knowledge, this is the first study to show presence of post-transcriptional control of TE in ASMC that affects AD onset.

First, miR-144-3p was determined as a miRNA that functionally targets TE to reduce its protein translation in ASMC, which results in a negative influence on the TE production and secretion by ASMC. Interestingly, the presence of this regulatory axis in both HASMC and MASMC strengthened the power of this finding, as it may be highly possible to be extrapolated into clinical application. Next, in an established mouse model for AD, the suppression of miR-144-3p resulted in a reduction of AD occurrence ratio in weeks from 90% to 50%, which was supported by all features for AD examined in this study.

The regulatory axis of miR-144-3p/TE in smooth muscle cells here is not reported before. In 2008, it was reported that miR-29 family miRNAs are involved in the downregulation of elastin in the adult aorta ([@b19-molce-41-3-198]), and this regulation loop was further confirmed in some other models ([@b3-molce-41-3-198]; [@b4-molce-41-3-198]; [@b13-molce-41-3-198]; [@b15-molce-41-3-198]; [@b18-molce-41-3-198]; [@b28-molce-41-3-198]; [@b30-molce-41-3-198]). However, miR-29 seemed to have a vast number of target genes, including MMP-2, a gene that altered highly in AD ([@b10-molce-41-3-198]). Hence, interpretation of miR-29 in AD onset should be very careful and many possible involved genes need to be examined. Compared to miR-29, miR-144-3p has much less confirmed target genes. Although E26 transformation specific-1 ([@b31-molce-41-3-198]), cyclooxygenase-2 ([@b26-molce-41-3-198]), adenosine triphosphate binding cassette transporter ([@b29-molce-41-3-198]), and cyclin-dependent kinase inhibitor 2D ([@b11-molce-41-3-198]), have been reported as miR-144-3p-targeting genes, the involvement of these genes in the development of AD is very limited. Therefore, to reveal miR-144 as a TE-targeting miRNA and a highly expressing miRNA in ASMC is very important.

In the future, therapeutic effects of suppression of endogenous miR-144-3p in ASMC may be an attractive approach to treat patients with high AD risks, if the results from this work could be further confirmed and validated in human studies.
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![MiR-144-3p is a TE-targeting miRNA highly expressed in mouse and human ASMC\
(A) A representative flow chart for negative selection of mouse aortic cells for CD31 by flow cytometry to remove endothelial cells. (B, C) The purified ASMC (MASMC) was stained for alpha smooth muscle actin (α-SMA; B) and calponin (C). (D, E) Expression of candidate TE-targeting miRNAs (miR-29, miR-101, miR-181-5p and miR-144-3p) in human ASMC (HASMC; D) and in MASMC (E) by RT-qPCR. \*p \< 0.05. NS: non-significant. N = 5.](molce-41-3-198f1){#f1-molce-41-3-198}

![MiR-144-3p inhibits protein translation of TE via binding to the 3′-UTR of the TE mRNA\
(A, B) Bioinformatics revealed that the binding site of miR-144-3p on 3′-UTR of the human TE mRNA is from 856^th^ through 862^nd^ base pair (A), while the binding site of miR-144-3p on 3′-UTR of the mouse TE mRNA is from 833^rd^ through 839^th^ base pair (B). (C) MASMC was transfected with either miR-144-3p or antisense for miR-144-3p (as-miR-144-3p) plasmids. The MASMC were also transfected with a null sequence as a control (null). Alteration of miR-144-3p levels in these miR-144-3p-modified MASMC was validated by RT-qPCR. (D) The intact 3′-UTR of wild-type TE mRNA (TE 3′-UTR) and the 3′-UTR of TE mRNA with a mutant at miR-144-3p-binding site (TE 3′-UTR mut) were respectively cloned into luciferase reporter plasmids. MASMC was then co-transfected with one plasmid from miR-144-3p/as-miR-144-3p/null plasmids and one plasmid from either TE 3′-UTR or TE 3′-UTR mut, and subsequently subjected to a dual luciferase reporter assay. (E--F) RT-qPCR (E) and Western blotting (F) for TE levels in MASMC with adapted miR-144-3p levels. \*p \< 0.05. NS: non-significant. N = 5.](molce-41-3-198f2){#f2-molce-41-3-198}

![Higher miR-144-3p and lower TE were detected in the ASMC from AD patients\
(A, B) MiR-144-3p levels were examined by RT-qPCR (A) and TE levels were examined by Western blotting (B) in obtained ASMC from AD patients, compared to those from non-AD controls (CTL). (C) A correlation test was performed between miR-144-3p and TE protein, using the 40 specimens.\*p \< 0.05. N = 40.](molce-41-3-198f3){#f3-molce-41-3-198}

![Preparation of AAV carrying as-miR-144-3p for *in vivo* study\
(A) In order to do a loss-of-function experiment in a mouse AD model, we prepared AAV carrying as-miR-144-3p under CAG promoter, and a control AAV. (B) Co-transduction of GFP in the construct allows determination of infection efficiency of MASMC in culture. (C) RT-qPCR for miR-1443p in MASMC transduced with AAV-as-miR-144-3p or control AAV-null viruses. \*p \< 0.05. N = 5.](molce-41-3-198f4){#f4-molce-41-3-198}

![Suppression of miR-144-3p reduces the incidence and severity of AD\
A mouse model for AD was done. Ten mice were used in each experimental group. Three groups of mice were included in the study. In group 1, mice did not receive either BAPN or AAVs (CTL). In group 2, mice received BAPN and control AAV-null (BAPN). In group 3, mice received BAPN and AAV-as-miR-144-3p (BAPN+as-miR-144-3p). (A) Diastolic blood pressure (BP). (B) Systolic BP. (C) Plasma cholesterol (CHO). (D) Plasma triglyceride (TG). (E) Hematoxylin and eosin (H&E) staining in mouse aorta. (F) Aortic diameter. (G) Aortic wall thickness. \*p \< 0.05. NS: non-significant. N=10. Scale bars are 50 μm.](molce-41-3-198f5){#f5-molce-41-3-198}

![Suppression of miR-144-3p reduced the expression of AD-associated genes\
(AD) RT-qPCR for MMP2 (A), Cathepsin L (B), α-SMA (C) and β-myosin heavy chain (β-MHC; D) in mouse aortic tissue. \*p \< 0.05. N = 10.](molce-41-3-198f6){#f6-molce-41-3-198}
